In this study we analyzed the membrane lipid composition of "Candidatus Nitrosopumilus maritimus," the only cultivated representative of the cosmopolitan group I crenarchaeota and the only mesophilic isolate of the phylum Crenarchaeota. The core lipids of "Ca. Nitrosopumilus maritimus" consisted of glycerol dialkyl glycerol tetraethers (GDGTs) with zero to four cyclopentyl moieties. Crenarchaeol, a unique GDGT containing a cyclohexyl moiety in addition to four cyclopentyl moieties, was the most abundant GDGT. This confirms unambiguously that crenarchaeol is synthesized by species belonging to the group I.1a crenarchaeota. Intact polar lipid analysis revealed that the GDGTs have hexose, dihexose, and/or phosphohexose head groups. Similar polar lipids were previously found in deeply buried sediments from the Peru margin, suggesting that they were in part synthesized by group I crenarchaeota.
Crenarchaeota, one of the phyla in the domain Archaea, has long been thought to consist mostly of (hyper)thermophiles, as cultivated representatives had optimal growth temperatures of Ͼ40°C and isolates were obtained exclusively from extreme environments, such as sulfidic hot springs (reference 28 and references therein). Culture-independent DNA surveys, however, have shown that crenarchaeota occur ubiquitously in oceans (6, 9, 15) , lakes (16, 21) , and soils (12, 19) and thrive under moderate or even psychrophilic conditions. In fact, marine crenarchaeota are proposed to account for ca. 20% of all prokaryotic cells in the global ocean (15) , suggesting that they play an important role in the biogeochemical cycles.
The metabolism of these mesophilic crenarchaeota has been a subject of ongoing debate. Several studies have shown that marine crenarchaeota can utilize dissolved inorganic carbon as a carbon source (11, 34) but are able to take up amino acids (11, 22) . Recently, a diverse set of putative archaeal ammonia monooxygenase (amoA) genes were obtained from enrichment or uniarchaeal cultures (10, 36) , marine waters and sediments (8, 31, 36) , and soils (19) . These genes were shown to be more abundant than bacterial amoA genes (19, 36) , suggesting that crenarchaeota may play an important role in marine and terrestrial nitrogen cycles, possibly as ammonia oxidizers. Confirmation of the hypothesis that crenarchaeota possess the capacity for nitrification came from the first isolation of a representative of the mesophilic crenarchaeota, "Candidatus Nitrosopumilus maritimus" (18) . Like bacterial ammonia oxidizers, this organism grows autotrophically and obtains its energy by oxidizing ammonium aerobically to nitrite. The chemolithotrophic physiology of "Ca. Nitrosopumilus maritimus" as a nitrifier was supported by the identification of putative amoA, amoB, and amoC genes (18) .
The core membrane lipids of nonthermophilic crenarchaeota are thought to consist of glycerol dibiphytanyl glycerol tetraethers (GDGTs) based on analyses of marine waters and sediments (13, 25) , lakes (23) , soils (19, 33) , peats (32), the uniarchaeal "culture" Cenarcheum symbiosum (27) , and enrichment cultures of a marine crenarchaeote from the Wadden Sea (35, 36) . The GDGTs which have been attributed to nonthermophilic crenarchaeota include GDGTs 0 to 3 ( Fig. 1) , which are also synthesized by other (hyper)thermophilic crenarchaeota (references 7 and 17 and references therein). In addition, a unique GDGT containing a cyclohexyl moiety (crenarchaeol) has been attributed to nonthermophilic crenarchaeota and was thought to be a unique biomarker lipid for this group (27) . Recently, however, a thermophilic crenarchaeote, "Candidatus Nitrosocaldus yellowstonii," was enriched and shown to synthesize crenarchaeol (5) in addition to large amounts of glycerol trialkyl glycerol tetraethers (GTGTs). Finally, small quantities of a regio-isomer of crenarchaeol, thought to have a parallel glycerol configuration rather than an antiparallel glycerol configuration, are often detected (25, 27, 35) . So far, most research has been focused on identifying the core membrane lipids (i.e., the GDGTs), while a few studies have investigated the polar head groups which may be attached. Biddle et al. (1) analyzed deeply buried sediments in the Peru margin and found evidence of GDGTs 0 to 3 with either a hexose or a "nonitol" (a cyclohexanetetraol with a glycosidic hexose moiety [30] ) head group.
Despite all these studies, there is no unambiguous evidence for biosynthesis of GDGTs 0 to 3 and crenarchaeol by nonthermophilic crenarchaeota and their putative polar head groups due to the lack of a cultivated representative. In this study we analyzed the lipid composition of the recently isolated mesophilic crenarchaeote "Ca. Nitrosopumilus maritimus" and examined both the core GDGT lipid composition and the intact polar lipid composition.
MATERIALS AND METHODS
Culture material. "Ca. Nitrosopumilus maritimus" was cultured in chemically defined saltwater medium amended with 0.5 mM ammonium chloride as described previously (18) . Cultures A and B were inoculated (10%, vol/vol) with the same prefiltered (0.45-m syringe filter; Sartorius AG, Goettingen, Germany) culture of "Ca. Nitrosopumilus maritimus." Both cultures were incubated at 28°C, and growth was monitored by measuring nitrite formation. Purity was tested by epifluorescence microscopy using SYBR green I-stained cells (20) . Four liters of each culture was harvested by filtration using a 0.1-m filter (PESU membrane filter; Sartorius AG, Goettingen, Germany), followed by a single washing step with sterile medium and subsequent centrifugation (30 min, 4°C, 3,360 ϫ g). Cell pellets were transferred into precleaned glass vials and freezedried (Alpha2-4; Christ GmbH, Osterode, Germany). Freeze-dried cell material was stored frozen prior to analysis. Culture A was used for analysis of core lipids, while culture B was used for analysis of intact polar lipids, as described below.
Analysis of core lipids. Cell material from culture A of "Ca. Nitrosopumilus maritimus" was base hydrolyzed by refluxing 1 M KOH in methanol for 1 h. Distilled water was added, and the pH of the hydrolyzed extract was adjusted to pH 3 using 2 M HCl-methanol (MeOH) (1/1, vol/vol). Dichloromethane (DCM) was added, the mixture was ultrasonicated and centrifuged, and the DCM layer was collected. This procedure was repeated four times. The DCM layer was dried using a sodium sulfate column to obtain the base-hydrolyzed extract. The MeOH-water layer and residue were then acid hydrolyzed by refluxing with 1 M HCl for 5 h. The MeOH-water layer was extracted with DCM three times. The DCM layer was dried using a combined sodium sulfate and sodium carbonate column to obtain the acid hydrolysis extract. Solvents were removed from the fractions released by base and acid hydrolysis by rotary evaporation. One subsample of the base hydrolysis extract was methylated using diazomethane, filtered using a column filled with silica gel, and eluted with 3 column volumes of ethyl acetate. The methylated extract was then silylated using bis-trimethyl silyl trifluoroacetamide (containing 1% trimethylchlorosilane) and pyridine for 20 min at 60°C. The derivatized extract was analyzed by gas chromatography (GC) and GC-mass spectrometry (MS) using conditions described previously (13) .
For high-performance liquid chromatography (HPLC)-MS analysis the extracts were further separated into two fractions using a column filled with activated Al 2 O 3 (2 h at 150°C) as the stationary phase and eluted with 4 column volumes of hexane-DCM (9/1, vol/vol) to collect the apolar fraction and with 3 column volumes of DCM-MeOH (1/1, vol/vol) to collect the polar fraction. Each polar fraction was dissolved in n-hexane-isopropanol (99:1, vol/vol) and filtered using a polytetafluoroethylene 0.4-m filter prior to analysis by HPLC-MS. HPLC-MS analyses were performed as described by Hopmans et al. (14) , with modifications described by Schouten et al. (26) . Analyses were performed using an Agilent (Palo Alto, CA) 1100 series LC-MSD SL equipped with an autoinjector and Chemstation chromatography manager software. Separation was achieved with a Prevail Cyano column (2.1 by 150 mm; 3 m; Alltech, Deerfield, IL) maintained at 30°C. The injection volume was 10 l. GDGTs were eluted isocratically with 99% hexane-1% isopropanol for 5 min, followed by a linear gradient to 1.8% isopropanol in 45 min. The flow rate was 0.2 ml/min. After each analysis the column was cleaned by back-flushing it with n-hexane-isopropanol ϩ isotope peak in the mass spectrum of a crenarchaeol standard was calculated and was estimated to be about 33%. The GDGT 4 peak area in our samples was corrected by this percentage to obtain an estimate of the relative abundance of GDGT 4.
Analysis of intact polar lipids. For analysis of the intact polar lipids, cell material in culture B of "Ca. Nitrosopumilus maritimus" was extracted using a modified Bligh-Dyer procedure (2) . A solvent mixture containing phosphate buffer, MeOH, and DCM (0.8/2/1, vol/vol/vol) was added to the sample. The sample was sonicated for 10 min, after which DCM and phosphate buffer were added at a ratio of 0.9/1/1 (vol/vol/vol). After centrifugation (2,500 rpm, 5 min) the DCM layer was collected. The residue was reextracted twice using the same procedure. The combined DCM layers were concentrated by evaporating solvent under an N 2 stream and dried with Na 2 SO 4 , and the solvent was removed under an N 2 stream . The residue was dissolved in a mixture of hexane and isopropanol (79:21, vol/vol), ultrasonicated, and filtered using a regenerated cellulose 0.45-m filter (Alltech, Deerfield, IL) prior to analysis by HPLC-electrospray ionization (ESI)-MS.
Intact polar lipids were analyzed as described by Sturt et al. (29) , with some modifications (3). An Agilent 1100 series LC (Agilent, San Jose, CA) was used; this instrument was equipped with a thermostat-controlled autoinjector and column oven and was coupled to a Thermo TSQ Quantum Ultra EM triple quadrupole mass spectrometer equipped with an Ion Max source with an ESI probe (Thermo Electron Corporation, Waltham, MA). Separation was achieved with an Inertsil diol column (250 by 2.1 mm; 5-m particles; Alltech Associates Inc., Deerfield, IL) maintained at 30°C. The following linear gradient was used with a flow rate of 0.2 ml ⅐ min on November 11, 2017 by guest 
RESULTS
Core lipids. GC-MS analysis of the total extract released after base hydrolysis revealed only small amounts of diether lipids, such as archaeol, suggesting that "Ca. Nitrosopumilus maritimus" does not biosynthesize substantial amounts of diether lipids as final products. HPLC-APCI-MS analysis of the extract released upon base hydrolysis of cell material from culture A of "Ca. Nitrosopumilus maritimus" revealed the presence of a range of GDGTs (GDGTs 0 to 4) and crenarchaeol. In addition, a GTGT (GTGT 0) with one biphytane and two phytane hydrocarbon chains was detected (Fig. 1A) . The regio-isomer of crenarchaeol, which is frequently detected with crenarchaeol in environmental samples, was not detected. GDGT 0 was slightly more abundant than GDGTs 1 to 3 (Fig.  2) . Relatively substantial amounts of crenarchaeol and GDGT 4 (which coelute but can be quantified based on their molecular ions [see Materials and Methods]) were also present, although the levels were lower than those of the other GDGTs (Fig. 2) . Acid hydrolysis of the residue released the same GDGTs, but their distribution was different; the residue was dominated by crenarchaeol, and the amounts of GDGTs 0 to 3 and GTGT 0 were relatively small (Fig. 1B) . Small amounts of the regio-isomer of crenarchaeol were detected, but the presence of GDGT 4 could not be established. Quantification of the relative amounts of GDGTs released by both hydrolysis steps showed that the amounts of GDGTs released by acid hydrolysis were substantially larger than the amounts released by base hydrolysis (Fig. 2) .
Intact polar lipids. HPLC-ESI-MS analysis of the BlighDyer extract of cell material from culture B of "Ca. Nitrosopumilus maritimus" revealed three major clusters of peaks and a number of minor peaks (Fig. 3) . The polar lipids were all tentatively identified by mass spectral interpretation (see below). Supporting evidence for the structural identification was obtained from the isolation of four clusters of peaks (peak 1 plus peak 2, peak 3 plus peak 4, peak 5, and peaks 7 to 9 [ Fig.  3] ) using preparative HPLC. The amounts isolated were not sufficient for nuclear magnetic resonance (NMR) analysis, but the core GDGTs could be identified by HPLC-MS analysis of GDGT core lipids after removal of the polar head groups by acid hydrolysis.
The compounds in the first eluting cluster of polar lipids (peaks 1 and 2 [ Fig. 3]) were tentatively identified as GDGTs with a glycosidically bound hexose head group. For example, the mass spectrum for peak 2 was characterized by a dominant ion at m/z 1292, the [MϩH] ϩ ion of crenarchaeol, suggesting that crenarchaeol was the core GDGT of this polar lipid ( Fig.  4A and Table 1 ). In addition, there was a cluster of ions at m/z 1454, 1471, and 1476 (Fig. 4A ). This distribution of ions suggests that m/z 1454 represents the [MϩH] ϩ ion of the intact polar lipid, while the ions at m/z 1471 and 1476 represent the ammonia and sodium adducts, respectively, a result typically obtained for polar lipids with the HPLC-ESI conditions used (29) . The protonated molecule ion at m/z 1454 is in agreement with the presence of a glycosidic head group (i.e., a hexose moiety glycosidically bound to crenarchaeol) (29) . The mass spectrum for peak 1 was dominated by molecular ions in agreement with GDGTs 0 and 2 and GTGT 0 with a hexose head group (Table 1) . Interestingly, GDGTs having a glycosidically bound hexose moiety and having similar mass spectrahave been found in deep subsurface sediments from the Peru margin (1). Compounds eluting in peaks 1 and 2 were isolated by preparative HPLC and subjected to acid hydrolysis to remove the glycosidically bound hexose moiety. GDGT analysis showed that the core lipids of these components consisted of GDGTs 0 to 3 and crenarchaeol, with crenarchaeol predominating (Fig. 5A ), in full agreement with the identification described above. Unfortunately, the mass spectra of the polar lipids did not allow the structure of the hexose moiety to be inferred, and sufficient quantities that would allow GC analysis were not released in the acid-hydrolyzed fractions.
The second cluster of peaks in the HPLC-MS chromatogram (peaks 3 to 5 [ Fig. 3] ) was formed by two types of polar lipids. Mass spectra for peaks 3 and 4 ( Fig. 4B and Table 1) indicated that these peaks were formed by GDGTs with two hexose moieties attached. Based on the fragment ions in the mass spectra of these diglycosides, their core lipids consisted of GDGTs 2 to 4 (Table 1) . Indeed, acid-hydrolyzed preparations of the compounds eluting in peak 4 were dominated by GDGTs 2 to 4, with GDGT 4 predominating (Fig. 5B) . The levels of ions indicative of crenarchaeol with two hexose moieties were relatively low, and these ions coeluted with peak 5. It was difficult to establish whether the two hexose moieties were attached as a disaccharide to one glycerol unit, as shown in Fig. 4B , or whether one hexose moiety was glycosidically bound to each glycerol unit. However, in the latter case a higher level of a [MϩH-hexose] ϩ fragment (e.g., m/z 1464 for the mass spectrum in Fig. 4B ) would have been expected, and thus we tentatively suggest that the head group is diglycosidic. The mass spectrum for peak 5 was different from that for peaks 3 and 4 ( Fig. 4C and Table 1 ). Based on the dominant presence of the m/z 1296 ion in the mass spectrum, the core GDGT was likely predominantly GDGT 3, while the presence of the m/z 1458 ion suggests that a hexose moiety was present. The protonated molecule at m/z 1638, established by the presence of ammonia and sodium adduct ions, suggests that an additional unknown head group with a molecular mass of 180 Da was present (Fig. 4C) . Interestingly, unknown GDGTs with identical mass spectra have been reported by Sturt et al. (29) and Biddle et al. (1) for deep subsurface sediments from the Peru margin. HPLC-MS analysis of the GDGT core lipids released by acid hydrolysis of these intact polar lipids showed that they contained, as expected, relatively high levels of GDGT 2 and GDGT 3 and also crenarchaeol, likely derived from coelution of crenarchaeol with two hexose moieties attached (Fig. 5C) . Intriguingly, an unknown compound eluted at much later retention times and had a mass spectrum characterized by a base peak at m/z 1296, suggestive of GDGT 3, and also by an ion at m/z 1521. This unknown GDGT may have represented the core GDGT of the unknown intact polar lipid eluting in peak 5. Further research involving isolation and NMR analysis of these components is required to identify their full structures.
The third cluster of peaks was formed in part by unknown compounds (indicated by question marks in Fig. 3) , and there were no ions diagnostic for the presence of GDGT core lipids in their mass spectra. The mass spectrum for peak 6, however, did contain fragment ions suggestive of polar lipids with a GDGT core lipid structure (Fig. 4D) , and the findings suggested that this polar lipid was crenarchaeol with a phosphohexose head group.
The compounds in the last eluting cluster, peaks 7 to 9, had mass spectra suggestive of GDGTs with a glycosidically bound hexose head group and a phosphohexose head group (Fig. 4E and Table 1 ). For example, the molecular ion at m/z 1696 and the fragment ion at m/z 1534 of peak 9 suggested that it was composed of crenarchaeol with a glycosidically bound hexose moiety and a phosphohexose head group (Fig. 4E) . The mass spectra for peaks 7 and 8 ( Table 1 ) also suggested that they represented GDGTs 0 to 2 with a glycosidically bound hexose head group and a phosphohexose head group. Acid hydrolysis of the prepped cluster of peaks followed by HPLC-MS analysis confirmed that the core GDGTs were GDGTs 0 to 2 and crenarchaeol, with crenarchaeol predominating (Fig. 5D) .
To summarize, our HPLC analysis of the intact polar lipids of "Ca. Nitrosopumilus maritimus," in combination with the hydrolysis of isolated compounds, showed that these lipids are predominantly GDGTs with glycosidic and phosphohexose head groups. It should be emphasized that the position of the head groups on the GDGTs could not be established from our data, nor could the exact structure of the hexose moieties. FIG. 4 . ESI mass spectra (corrected for background) of (A) tentatively identified crenarchaeol with a hexose head group, (B) tentatively identified GDGT 0 with two hexose moieties as the head group, (C) an unknown polar lipid, (D) tentatively identified crenarchaeol with a phosphoglycerol head group, and (E) tentatively identified crenarchaeol with hexose and phosphoglycerol head groups in a polar lipid extract of "Ca. Nitrosopumilus maritimus." Note that the positions and structures of the hexose moieties are tentative as the position and structure cannot be established from mass spectral data. Large-scale cultivation of "Ca. Nitrosopumilus maritimus" followed by preparative HPLC and NMR analysis is needed to fully identify the tentative structures proposed here.
DISCUSSION
Our results unambiguously show that "Ca. Nitrosopumilus maritimus" synthesizes GDGTs and, importantly, crenarchaeol as the major membrane lipids. Thus, the group I crenarchaeota, of which "Ca. Nitrosopumilus maritimus" is an isolated representative, are likely one of the dominant sources of GDGTs in oceans, lakes, and soils. A detailed comparison of the GDGT composition of "Ca. Nitrosopumilus maritimus" with that of C. symbiosum (27) and that of an enrichment culture from the North Sea (35) showed that the compositions of the dominant GDGTs are relatively similar to that of "Ca. Nitrosopumilus maritimus" (i.e., GDGTs 0 to 3 and crenarchaeol and its regio-isomer). In contrast to the findings for "Ca. Nitrosopumilus maritimus," GTGT 0 and GDGT 4 were not reported to be present in the enrichment cultures. This likely has to do with the fact that in these enrichment cultures the biomass was either directly extracted (35) or directly acid hydrolyzed (27) and not, as done here, subjected to a base hydrolysis step. In these cases the relative levels of GTGT 0 and GDGT 4 may have been low, thereby escaping detection. Alternatively, the differences are real and GDGT 0 and GDGT 4 are not synthesized by C. symbiosum and the enrichment culture from the North Sea. The GDGT composition of an enrichment culture of the thermophilic crenarchaeote "Ca. Nitrosocaldus yellowstonii" was quite different from that of "Ca. Nitrosopumilus maritimus"; the former organism synthesizes larger amounts of GTGT 0 and GTGTs with one to three cyclopentane rings and relatively smaller amounts of GDGT 0 and crenarchaeol (5) . Regardless of the minor differences between the GDGT compositions of "Ca. Nitrosopumilus maritimus," C. symbiosum, and the uniarchaeal enrichment culture from the North Sea, all these organisms synthesize crenarchaeol as the dominant GDGT. All these archaea belong to the group I.1a crenarchaeota (18, 24, 36) , suggesting that at least some species in this phylogenetic cluster possess the capacity to synthesize this specific GDGT. However, Coolen et al. (4) suggested that, based on crenarchaeol levels and 16S rRNA sequencing data for the Black Sea, even within the group I.1a crenarchaeota there may be differences in the level of crenarchaeol synthesis. It has also not been unambiguously established if species falling in other phylogenetic clusters in the group I crenarchaeota, such as members of groups I.1b and I.1c (24) , possess the capacity to synthesize crenarchaeol. Analyses of the core lipids of isolated representatives of these groups of Archaea are required to establish a phylogenetic pattern for the synthesis of crenarchaeol within the group I crenarchaeota.
The head groups of the intact polar lipids of "Ca. Nitrosopumilus maritimus" mainly include hexose, dihexose, and phosphohexose moieties. Such polar lipid head groups are relatively common in cultivated (hyper)thermophilic crenarchaeota (17) and thus are not unique for nonthermophilic crenarchaeota. It should be noted that all identifications of the polar lipids are tentative and that large-scale cultivation of "Ca. Nitrosopumilus maritimus" and isolation of these lipids are needed to rigorously establish their structure. Nevertheless, the tentative identifications should help workers identify these lipids in environmental samples using HPLC-MS. For example, our results support the inferred crenarchaeotal origin of some of the GDGTs with glycosidically bound hexose moieties in deep subsurface sediments in the Peru margin (1). However, Biddle et al. (1) reported the presence of only GDGTs (including GDGTs with a crenarchaeol core lipid structure) with two hexose moieties and not GDGTs with a phosphohexose moiety. This possibly indicates that different nonthermophilic crenarchaeota produce GDGTs with different head group compositions or that there is a partial contribution from fossil remains. Interestingly, 16S rRNA gene sequences obtained from the Peru margin sediments did not include sequences of group I.1a crenarchaeota but were mainly sequences of members of marine benthic group B and the miscellaneous crenarchaeotal group (1). Furthermore, Biddle et al. (1) and Sturt et al. (29) also reported the presence of minor amounts of GDGTs with a "nonitol" head group, a head group that typically occurs in cultivated hyperthermophilic species belonging to the order Sulfolobales (7, 17) . However, we did not find peaks with retention times and mass spectra indicative of intact polar lipids with a "nonitol" head group (29) in "Ca. Nitrosopumilus maritimus." This suggests that these lipids originate from Archaea different than the group I crenarchaeota in the Peru margin sediments.
